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401S. Malchenko et al. / Gene 534 (2014) 400–407more than 3–5 cells, and that its expression precedes that of established markers of early neuronal differentiation.
Importantly, the rise of OTX2 expression in these cells coincides with the down-regulation of the pluripotency
marker OCT4. Lastly, we show that cells derived from rosettes that emerge during spontaneous differentiation of
hESCs or hiPSCs are capable of differentiating into dopaminergic neurons in vitro, and into mature-appearing
pyramidal and serotonergic neurons weeks after being injected into the motor cortex of NOD-SCID mice.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
In vitro neural differentiation of human embryonic stem cells
(hESCs) can be exploited as a system to study early neural develop-
ment. The potential value of this system for cell replacement thera-
py, neuropharmacological studies and neurologic disease modeling
cannot be overemphasized. Despite signiﬁcant achievements,
however, much is yet unknown with regard to the molecular mech-
anisms underlying the onset of neural differentiation. The conven-
tional way of studying neural differentiation in vitro involves
multistep protocols that include induction with speciﬁc factors and
the formation of embryoid bodies (EB) (Nat et al., 2007; Reinchisi
et al., 2013; Zhang et al., 2010).
In vitro, the process of neural differentiation of hESCs beginswith the
generation of the primitive neuroectoderm (NEC), which is manifested
by the formation of rosettes that subsequently differentiate into neural
progenitors (NP), and into early glial-like cells. Neural rosettes, reminis-
cent of a transverse-section of a neural tube, exhibit all properties of the
neural plate (Dhara andStice, 2008). In vivo, the neural plate develops to
ultimately form the neural tube, when the human embryo is approxi-
mately 3 weeks old (Dhara and Stice, 2008).
Similar to the ﬁrst neural precursors during development in vivo,
hESC-derived neural stem cells exhibit an anterior identity (Dhara and
Stice, 2008). It is noteworthy that rosette formation is considered to
be among the histological features of medulloblastomas — a brain
tumor whose undifferentiated appearance resembles that of developing
neural tissue (Judkins and Ellison, 2010). Remarkably, one of the anterior
markers – transcription factor OTX2 – is considered to be a medulloblas-
toma oncogene (Boon et al., 2005).
OTX2 is a member of a conserved family of bicoid-class homeobox-
containing transcription factors. Deletion of this homeobox in the OTX2
gene leads to an embryonic lethal phenotype in mice (Ang et al., 1996).
During gastrulation, OTX2 speciﬁes the anterior NEC (Acampora et al.,
1995). In the developing embryo, OTX2 is expressed throughout
the forebrain and midbrain, with an abrupt down-regulation at the
midbrain–hindbrain junction (Simeone et al., 1993), which is consistent
with a loss of forebrain andmidbrain in OTX2 homozygousmutantmice
(Ang et al., 1996).
Transcription factor Pax6, another anterior marker, is essential
for neural stem cell multipotency and proliferation. Pax6-expressing
human NEC cells correspond to a primitive NEC as the cells can differen-
tiate into any region-speciﬁc neural progenitor (Zhang et al., 2010).
Furthermore, Pax6 is considered a key in the onset of human NEC differ-
entiation (Zhang et al., 2010).
In this study we evaluated the expression of PAX6 and OTX2 – along
with that of a number of early neural markers – during the course of
rosette formation following spontaneous neuronal differentiation
of hESC and hiPSC colonies. This is distinct from the conventional
way of studying rosette formation, which utilizes EBs. A similar
approach was successfully utilized to study the transition of hESC
and hiPSC colonies to squamous epithelium (Galat et al., 2011). As
a demonstration that rosettes emerging during spontaneous differ-
entiation are functionally active, we show that cells derived from
such rosettes are capable of differentiation into dopaminergic
neurons in vitro, and into mature-appearing pyramidal and seroto-
nergic neurons in vivo, weeks after injection into the motor cortex
of NOD-SCID mice.2. Materials and methods
2.1. hESC, hiPSC and neural rosette formation
Two hiPSC lines, SR2 (Galat et al., 2011) and DSS3, and two hESC
lines, CM9 and CM14 (Laurent et al., 2010), were established at the
Ann & Robert H. Lurie Children's Hospital of Chicago Research Center
and used for this study. The SR2 and DSS3 hiPSC lines were derived
from MRC-5 ﬁbroblasts — passage 6 (ATCC), and from AG06872 Down
Syndrome ﬁbroblasts — passage 6 (Coriell), respectively, by over-
expressingOct4, Sox2, Nanog and cMyc using retroviral vector plasmids
purchased fromAddgene (Cambridge, MA). The retroviral vectors were
produced by transient transfection of 293 T cell.
Brieﬂy, prior to transfection, 1.75 × 107 293 T cells were plated on
150 × 25 mm plates and incubated overnight at 37 °C, 5% CO2 in a
humidiﬁed atmosphere. For the production of each retroviral vector,
cells were transfected using the standard calcium phosphate precipita-
tion method with three separate plasmids, 30 μg of the vector plasmid
(pMXs-cMyc (Plath), pMXs-Nanog (Plath), pMXs-hOct3-4 or pMXs-
Sox2 (Plath)), 15 μg of pEQ-Pam3-E (Kelly et al., 2000) and 15 μg of
pSR-G (Yang et al., 1995), and incubated for 48 h at 37 °C, 5% CO2 in a
humidiﬁed atmosphere. The supernatants were then collected, pooled
and ﬁltered through a 0.22 μm ﬁlter. Each retroviral vector was pelleted
by centrifugation at 25,000 rpm at 4 °C in a SW28 rotor. The combined
pellets were then resuspended in PBS in a total volume corresponding
to one-hundredth of the original volume of the supernatant from
which the viral vector was pelleted, frozen in dry ice and stored at
−70 °C until required. The target cells were incubated with the viral
supernatants containing polybrene [5 μg/ml polybrene (Sigma)] for
4 h to overnight at 37 °C, 5% CO2 in a humidiﬁed atmosphere. After
transduction, cells were replated in 10 ml of fresh medium. The trans-
duced cells were then incubated at 37 °C, 5% CO2 in a humidiﬁed atmo-
sphere for 2 to 3 weeks.
The pluripotent cells were grown in mTeSR1 medium (STEMCELL
technologies) on a matrigel substrate (BD Bioscience; San Jose, CA) at
37 °C, 5% CO2 in a humidiﬁed atmosphere. The cultures were split me-
chanically using the StemPro EZ Passage tool (Invitrogen, Carlsbad, CA),
and were used for immunocytochemistry at the ﬁrst signs of spontane-
ous neural rosette formation. It should be emphasized that spontaneous
neural rosette formation was observed on several hiPSC cell lines, which
were grown in different ESCmedia using either thematrigel substrate or
irradiated mouse embryonic ﬁbroblasts (data not shown).
2.2. Rosette neural stem cell (RNSC) lines
Instead of using suspension and adherent cultures as reported
previously (Nat et al., 2007), the RNSC lines CM14R, SR2R and
DSS3R were derived by mechanical dissection of neuronal rosettes
directly from the spontaneously differentiated hESC and hiPSC colonies
from the following passages: hESC line CM14: passage 28, hiPSC line
SR2: passage 23, and hiPSC line DSS3: passage 14. The cells were plated
and grown in ENStem-A neural expansion medium with FGF2 at
20 ng/ml (Millipore), L-glutamine 2 mM and PenStrep 1× (Gibco) on
laminin-coated tissue culture plates at 37 °C, 5% CO2 in a humidiﬁed
atmosphere, and were observed daily on an inverted Olympus CKx41
microscope. Acutase (Millipore) cell detachment was applied before
each cell passage. It is noteworthy that by the time of submission of
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without any visible morphologic changes. RNSC differentiation was ini-
tiated by omitting FGF2 from the culture medium.
2.3. Cloning of OTX-2 variants into MSCV-I-P2AmC
cDNA was synthesized using total RNA (1 μg) from H9 cells, Super-
script III (Invitrogen, Carlsbad, CA) and the 3′ primer shown below in
a total volume of 20 μl at 54 °C for 60 min, according to the
manufacturer's instructions. PCR was then performed using 5 μl of the
cDNA reaction in a total volume of 25 μl using HotStar Taq Plus (Qiagen,
Valencia CA), the two primers listed below, both of which were
obtained from Integrated DNA Technologies (Coralville, IA, USA),
under the following conditions: 94 °C for 10 min, followed by 40 cycles
of 94 °C for 30 s, 60 °C for 30 s and 72 °C for 90 s, and a ﬁnal step of
72 °C for 5 min.
5′ Primer: ATCGGAATTCCCACCAAGGACTCTGAACCT;
3′ Primer: GCATCTCGAGGCCTGGCTAAAACTGGAATG.
Following PCR, the DNA was precipitated, resuspended in 25 μl,
digested with EcoRI and XhoI and the appropriate DNA fragment was
puriﬁed from a 1% agarose gel using QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA). The DNA fragment was then ligated to MSCV-I-
P2AmC (generous gift from Christopher A. Hamm and Elio F. Vanin), a
vector that contains the MSCV LTRs, an IRES from Encephalmyocarditis
virus and Puromycin N-acetyl-tranferase which was fused to mCherry
using the 2A peptide from the Foot and Mouth disease virus (Yang
et al., 1995), which had also been digested with EcoRI and XhoI and
puriﬁed on a 1% agarose gel as described above. Once the appropriate
clones were identiﬁed, large-scale DNA preparations were made using
the EndoFree Plamid Maxi Kit (Qiagen, Valencia, CA).
2.4. Transfection of 293 T cells with OTX-2 variants
For the transfection of 293 T cells with the two variants of OTX-2,
8 × 106 cells were plated on 100 × 20 mm plates and incubated over-
night at 37 °C, 5% CO2 in a humidiﬁed atmosphere. The cells were then
transfected using the standard calcium phosphate precipitation
method with 30 μg of MSCV-OTX (variant 1)-I-P2AmC or of MSCV-
OTX (variant 2)-I-P2AmC. The cells were then incubated for 48 h at
37 °C, 5% CO2 in a humidiﬁed atmosphere afterwhich theywerewashed
with PBS, trypsinized, pelleted and stored at−70 °C until required.
2.5. Total RNA isolation
Total RNA isolation from the cell lines was performed with the
PureZOL RNA isolation reagent (Bio-Rad, Hercules, CA), followed by
DNAse treatment (Ambion, Austin, TX), according to themanufacturer's
instructions. Purity and integrity of the isolated RNA was assessed on
the ND-1000 Spectrophotometer (Thermo Fisher Scientiﬁc, Waltham,
MA).
2.6. Real-time PCR
Real-time quantitative reverse transcription-polymerase chain reac-
tions (qRT-PCR) were performed using an IQ5 Cycler (Bio-Rad Labora-
tories, USA) according to the manufacturer's instructions. Primers
were designed using the Primer Express program version 1.5 (Applied
Biosystems, CA, USA), and obtained from Integrated DNA Technologies
(Coralville, IA, USA). Primer sequences were as follows:
OTX2 transcript variant 1
5′ Primer AACCTCCCATGAGGCTGTAAG
3′ Primer GCGGGACAAGAAGCCCAOTX2 transcript variant 2
5′ Primer TGTTTGTTTGTTTGCTTTGCC
3′ Primer GGGGGTGGCCGGGTAG
Pax6
5′ Primer AGAGAAGACAGGCCAGCAAC
3′ Primer CTTGAACTGGAACTGACACACC.
The speciﬁcity of the primers was documented by the presence of a
single ampliﬁcation product of the expected length by agarose gel
electrophoresis.
cDNAs were synthesized using IScript cDNA synthesis kit (Bio-Rad
Laboratories, USA) according to the manufacturer's instruction. Reac-
tions were performed using IQ SYBR Green Supermix kit (Bio-Rad
Laboratories, USA) according to the manufacturer's instruction. Each
reactionwas performed in triplicate, using 250 nMprimers, cDNA sam-
ple corresponding to 0.25 ng of total RNA, in a total volume of 25 μl.
100 nM primers for GUSB RNA (RealTimePrimers.com) were used as a
reference for each of the cDNA samples. The PCR conditionswere as fol-
lows: one cycle at 95 °C for 3 min, 40 cycles at 95 °C for 30 s, 60 °C for
30 s, 72 °C for 30 s, followed by a melting curve from 55 °C to 95 °C.2.7. Western blot analysis
Whole cell protein lysates were prepared from cells lysed in RIPA
buffer (100 mM Tris–HCl, 150 mM NaCl, 1% deoxycholate, 1% Triton
X-100, 0.1% SDS, pH 7.4 with freshly added protease inhibitor cocktail
[Complete Mini; Roche] and 2 mM sodium-orthovanadate) with three
pulses of sonication followed by centrifugation at 13,000 rpm at 4 °C
for 30 min. A reducing sample buffer (141 mM Tris-base, 106 mM
Tris–HCl, 2% lithiumdodecyl sulfate, 0.5 mMethylenediaminetetraacetic
acid, 10% glycerol, 0.2 mM bromophenol blue with freshly added
200 mM dithiothreitol, pH 8.5) was added to the samples and after
3 min in a boiling water bath, equal amounts of protein loaded per
lane of a 4–12% Bis/Tris polyacrylamide gel (Invitrogen). After electro-
phoresis (using aMES reservoir buffer), the proteinswere electroblotted
onto an Immobilon-Pmembrane (Millipore). OTX2 proteinwas detected
using a rabbit anti-OTX2 polyclonal antibody (Millipore: AB9566;
1:2000) followed by an anti-rabbit plus horseradish peroxidase (HRP)
secondary antibody (GE Healthcare: NA934V; 1:5000) and enhanced
chemiluminescence (ECL; GE Healthcare). The blots were then stripped
and Pax6 protein detected using a mouse anti-Pax6 monoclonal anti-
body (Millipore: MAB5554; 1:2000) followed by an anti-mouse plus
HRP secondary antibody (GE Healthcare: NXA931; 1:5000) and ECL.
The blot was stripped again and GAPDH protein detected using a
mouse anti-GAPDH monoclonal antibody (Santa Cruz 2D4A7: SC5954;
1:5000), an anti-mouse plus HRP secondary antibody and ECL as a con-
trol for the amount of protein loaded per lane. The exposed ﬁlms were
digitized using a ChemiDoc XRS imager (Bio-Rad Laboratories) and the
relative amount of protein determined using the imager's Quantity One
software package (Bio-Rad Laboratories) corrected for loading against
the GAPDH protein control.
Nuclear and cytoplasmic protein fractionswere prepared as follows:
cells were harvested and washed with cold phosphate buffered saline.
The cell pellets were then gently resuspended in cold hypotonic buffer
(20 mM Tris–HCl, 10 mM NaCl, 3 mM MgCl2, pH 7.4) by pipetting up
and down several times and incubated on ice for 15 min. 10% Nonidet
P40 (NP40) was then added to a ﬁnal concentration of 0.5% detergent
and the pellets vortexed on high for 10 s, then centrifuged at 3000 rpm
for 10 min at 4 °C. The supernatants were recovered and contained the
cytoplasmic protein fraction and RIPA buffer was added to the pellets
for 30 min on ice with vortexing at 10 min intervals. These samples
were then centrifuged at 14,000 ×g for 30 min and the supernatants
403S. Malchenko et al. / Gene 534 (2014) 400–407recovered as the nuclear protein fraction. OTX2 protein was detected in
the cytoplasmic and nuclear fractions byWestern blot analysis as previ-
ously described.
2.8. Immunocytochemistry (cell culture)
The entire procedure described in this section was performed at
room temperature. Cells were ﬁxed with 3.2% paraformaldehyde in
phosphate-buffered saline (0.01 MPBS; pH 7.4) for 30 min, andwashed
twice with washing buffer (DAKO). Permeabilization was carried out
using 0.2% TritonX-100 in PBS for 5 min. Blocking buffer (DAKO) in
PBS was applied for 30 min. Primary antibodies were applied in AB-
dilution buffer (DAKO) for 60 min and washed three times with the
washing buffer before secondary antibody application. Secondary anti-
bodies, Cy3-conjugated donkey anti-mouse IgG, Cy3-conjugated donkey
anti-rabbit IgG all purchased from Chemicon, Alexa ﬂuor 488 goat anti-
mouse IgG from Invitrogen, Alexaﬂuor 488 chicken anti-rabbit IgG from
Molecular probes were diluted 1:100 in AB-dilution buffer and applied
to cells for 40 min in the dark. After two washings with the washing
buffer, some samples were processed for double labeling in which the
incubation steps described above were repeated with second primary
and secondary antibodies. After two washings in the washing buffer,
DAPI (10 μg/mL, Sigma)was applied for 2 min at RT for nuclear staining.
For negative controls, primary antibodies were replaced with mouse or
rabbit IgG. Primary antibodieswere the following: rabbit anti-BLBP poly-
clonal (1:300), rabbit anti-GFAP polyclonal (1:300), rabbit anti-OTX2
polyclonal (1:600),rabbit anti-nestin polyclonal (1:600), rabbit anti-
musashi polyclonal (1:200), rabbit anti-TH polyclonal (1:300), rabbit
anti-Sox1 polyclonal (1:100), mouse anti-Pax6 IgG (1:600), mouse
anti-bIII-tubulin IgG (1:300), mouse anti-O1 IgG (1:300), all purchased
from Chemicon; mouse anti-vimentin IgG (1:200) from NeoMakers,
mouse anti-IRX2 IgG (1:200) from Novus, rabbit anti-NR2F1 polyclonal
(1:100) from GeneTex, mouse anti-NR2F2 IgG (1:300) from R&D
systems, rabbit anti-Oct4 IgG (1:300) from Santa Cruz Biotechnology,
Stained cells were viewed with a Leica DM IRB inverted microscope
(Leica) equipped with epiﬂuorescence optics and appropriate ﬁlters.
2.9. Flow cytometry
The cells were stained as described above. Primary rabbit anti-Sox2
polyclonal (1:100) antibodies from Millipore were used following the
same protocol. Also, unspeciﬁc binding of anti-OTX2, anti-Nestin, anti-
Sox2 and anti-BLBP antibodies, along with low activity of anti-PAX6,
and anti-Tubb3 antibodies, were excluded using additional NSC lines
as negative and positive controls (data not shown). Stained cells were
analyzed using a Becton Dickinson LSRFortessa SORP (Becton Dickinson
and Company, San Jose, Ca. USA).
2.10. SR2R-GFP: Labeling of SR2R cells with green ﬂuorescent protein (GFP)
Approximately 1.75 × 107 293 T cells were plated on 100 × 20 mm
plates and incubated overnight at 37 °C, 5% CO2 in a humidiﬁed atmo-
sphere. The cellswere transfected using the standard calciumphosphate
precipitation method with 30 μg of FUGW (Lois et al., 2002), 30 μg of
pCAGkGPIR, 6 μg of both pCAG4RTR2 and pCAG-VSVg (Hanawa et al.,
2002); in the FUGW vector the expression of the GFP is driven by the
ubiquitin promoter. 48 h post-transfection the lentivirus-containing
supernatants were collected and the lentiviral vector was concentrated
with Lenti-X (Clontech), by adding 1 volume of the Lenti-X concentrator
to 3 volumes of the ﬁltered supernatants, incubating the lentivirus over-
night at 4 °C and then centrifuged at 1500 g for 45 min., according to the
manufacturer's speciﬁcations. The pelleted lentiviral vector was then
resuspended in PBS, one-hundredth volume of the original ﬁltered
supernatant, and stored at −70 °C until required. Approximately
1.5 × 106 SR2R cells were incubated with the lentiviral supernatant
overnight at 37 °C, 5% CO2 in a humidiﬁed atmosphere. Aftertransduction, the cells were replated in 10 ml of fresh medium. The
transduced cells were incubated at 37 °C, 5% CO2 in a humidiﬁed atmo-
sphere for several passages and stored in liquid nitrogen until required.
2.11. Electrophysiological recordings of grafted SR2R-GFP cells into murine
slice cultures
Organotypic slice cultures 2–19 days old were incubated for 30 min
at 37 °C in oxygenated standard artiﬁcial celebrospinalﬂuid [ACSF] con-
taining [in mM]: 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 1.5
CaCl2, 1 MgSO4, and 10 glucose, saturated with 95% O2 and 5% CO2 at
pH 7.4 and thenmaintained at room temperature until being transferred
to the recording chamber in oxygenated standard ACSF. The GFP-positive
engrafted cells were observed with the aid of a ﬂuorescence microscope
[BX-50WI; Olympus] and visualizedwith a chilled charge-coupled device
video camera [Dage-MTI] with a 40× water-immersion differential in-
terference contrast objective. Whole cell patch clamp recordings were
performed either from eGFP-expressing cells. For whole cell voltage
clamp recordings, patch electrodes with a resistance of 5–7 MΩ were
pulled from borosilicate capillaries [World Precision Instruments;
PG52165-glass]. Patch pipettes were ﬁlled with a solution of [in mM]
150 KCl, 10 HEPES, 4 Mg2ATP, 0.5 NaGTP, and 10 phosphocreatine.
The pH was adjusted to 7.3 with KOH. Whole-cell voltage clamped re-
cordings were obtained from the ﬂuorescence-labeled cells using an
Axopatch 200B patch-clamp ampliﬁer [Molecular Devices] and the data
were captured with pClamp 9.0 software [Molecular Devices]. Data
were ﬁltered at 2 kHz and digitized at 10 kHz using a Digidata 1322 A
analog-to-digital board. Analysis was performed using the pClamp 9.0
[Molecular Devices], Drugs used: Tetrodotoxin [Sigma] was applied by
bath application.
2.12. Inoculation of SR2R-GFP cells into motor cortex of NOD-SCID mice
NOD-SCIDmalemicewere obtained fromCharles River (Indianapolis,
IN). The mice were housed in the Ann and Robert H Lurie Children's
Hospital of Chicago Research Center vivarium in a standard 12-hr light/
dark cycle with food and water available ad libitum. All animal-related
procedureswere approved by the institution's Animal Care andUse Com-
mittee and conformed with the standards of the National Institutes of
Health.
Injections of SR2R-GFP cells into mouse brain were performed as fol-
lows: a 1-mm burr hole was made approximately 2.0 mm dorsal caudal,
0.8 mm right or left lateral from the bregma. A 26 gauge needle attached
to a 25 μl Hamilton syringewas inserted into a depth of 3.0 mm from the
skull surface using stereotactic guidance. The needle was left in place for
5 min before starting inoculation. Five microliters containing 100,000
SR2R-GFP cells were inoculated into the brain over a period of 10 min.
At the end of inoculation the needle was left in place for 5 min and
then withdrawn at a rate of 1.0 mm/min. The wound was sutured with
4-0 nylon. This procedure was performed while animals were under
general anesthesia.
2.13. Immunocytochemistry (tissue slides)
Tissue processing: Mice were deeply anesthetized by Ketamine
(90 mg/kg) with Xylazine (10 mg/kg) and transcardially perfused with
4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). The
brains were removed and post-ﬁxed (4% PFA, overnight at 4C). Coronal
(50 μm) sections were collected in 12-well plates using a vibrating-
blade microtome (Leica vibratome, VT1000S) and kept in PBS-sodium
azide at 4C until stained.
GFP immunoreactivity: Sections were washed three times in PBS,
incubated for 15 min in 0.3% H2O2 in PBS, blocked for 20 min at room
temperature (RT) in 10% normal goat serum (NGS) — 0.5% Triton
X-100 (TX-100; Sigma) in PBS, and brieﬂy washed in PBS/0.1% TX-100.
Sections were then incubated overnight at RT on an orbital shaker
Fig. 1. The onset of rosette formation (white arrow) coincides with substantial down-regulation of the pluripotencymarker— OCT4: DAPI (A1), OCT4 (A2) (CM14— 10×magniﬁcation);
co-expression of OTX2 (green), Nestin (red), DAPI (blue) (B1, 2) (CM14— 20× magniﬁcation); Pax6 expression becomes detectable at later stages of neuronal differentiation in
the “mature” rosettes: phase contrast (DSS3-C1-20×, D1-10×), OTX2 (green) overlay with Pax6 (red) and DAPI (blue) (DSS3-C2-20×, D2-10×).
404 S. Malchenko et al. / Gene 534 (2014) 400–407with 1:1000 polyclonal rabbit anti-GFP antibody (Life technologies) in
1% NGS and 0.3% TX-100 and incubated for 2.5 h at RT with biotinylated
goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA) diluted
1:500 in 1% NGS and 0.1% TX-100 in PBS, followed by incubation in
avidin–peroxidase conjugate (Vectastain ABC elite, Vector Laboratories)
in PBS for 2 h. Visualizationwas done with 20 mg/ml diaminobenzidine
(DAB, Sigma), 0.8% nickel sulfate, 0.005%H2O2 in 50 mMsodiumacetate,
10 mM imidazole buffer (pH7.0).Fig. 2.Western blot using the cell lysates from hESC line— CM14; CM14Rp2— passage 2 of the
(the same AB as for the IHC OTX2 detection) (A), western blot using the cell lysates from hES
passage 3 of the RNSC line derived from CM14, hESC line — H9, hiPSC line — SR2 (the same A
of OTX2) and Pax6 measured as a ratio with a housekeeping gene (GUSB) by QRT-PCR in
CM14Rp7 — passage 7 of the RNSC line derived from CM14 (C).Immunoﬂuorescence: Sections were washed several times in PBS,
blocked for 1 h at RT in 5% normal goat serum and 5% bovine serum
albumin (BSA) in PBS with 1% TX-100, and then incubated in primary
antibody for 24 h at 4 °C. Primary antibodies were diluted in a blocking
solution as follows: anti-BLBP (1:500, Millipore), anti-CTIP2 (1:500,
abcam), anti-NeuN (1:500, Millipore), anti-Serotonin (1:200, Millipore),
anti-Synapsin (1:500, Millipore), anti-TH (1:500, Millipore). After incu-
bation with primary antibody, sections were washed several timesRNSC line derived from CM14; CM14Rp3— passage 3 of the RNSC line derived from CM14
C line — CM14; CM14Rp2 — passage 2 of the RNSC line derived from CM14; CM14Rp3 —
B as for the IHC Pax6 detection) (B), expression levels of the OTX2-1(transcript variant 1
the hESC line — CM14; CM14Rp2 — passage 2 of the RNSC line derived from CM14;
Fig. 3. The RG markers up-regulated in the RNSC lines: phase contrast (A1), Nestin (red) overlay with DAPI (blue) (A2); phase contrast (B1), GFAP (red) overlay with DAPI (blue) (B2);
phase contrast (C1), vimentin (green) overlay with DAPI (blue) (C2); phase contrast (D1), BLBP (red) overlaywith DAPI (blue) (D2) (SR2R— 20×magniﬁcation). Tubb3 positive cells are
intermixed with the BLBP positive cells in differentiating RNSC lines: phase contrast (A3), BLBP (red) overlay with Tubb3 (green) (A4) (SR2R— 20×magniﬁcation); phase contrast (B3),
BLBP (red) overlaywith Tubb3 (green) (B4) (DSS3R— 20×magniﬁcation); phase contrast (C3), BLBP (red) overlaywith Tubb3 (green) (C4) (DSS3R— 10×magniﬁcation). Consequently,
the Tubb3 positive cells also become TH positive: phase contrast (D3), TH (red) overlay with Tubb3 (green) (D4) (DSS3R — 20× magniﬁcation).
405S. Malchenko et al. / Gene 534 (2014) 400–407with 0.02% TX-100 in PBS, and the signal was detected by incubation for
90 min at RT with appropriate ﬂuorescent secondary antibodies (Jack-
son ImmunoResearch Laboratories) diluted 1:250 in a blocking
solution without TX-100. DAPI nuclear staining was done by treating
sections with DAPI (5 μg/ml in PBS, Life technologies) for 10 min. Stain-
ing speciﬁcity was conﬁrmed by omission of the primary antibody.
Immunostained sections were cover-slipped with FluorSave mounting
media (Santa Cruz Biotechnology, Santa Cruz, CA). The sections were
viewed with a Zeiss 510 Meta confocal microscope (Zeiss).3. Results and discussion
Here we report the development and optimization of methods and
procedures to derive radial glia cell-enriched lines following spontaneous
neuronal differentiation of hESC and hiPSC colonies.We reason that such
a model of neuronal differentiation presents several advantages over
conventional approaches that rely on induction with speciﬁc factors
and the utilization of EBs (Gerrard et al., 2005), not the least of which isthat this enables the investigation of the immediate onset of neuronal
differentiation, i.e. rosette formation.
As a ﬁrst step in this study, we investigated the correlation between
these two models based upon immunohistochemistry with markers of
neuronal differentiation. Surprisingly, we found that both OTX2 and
the neural stem cell marker Nestin are expressed at the onset of rosette
formation signiﬁcantly earlier than Pax6, regardless whether rosettes
originated fromhESC or hiPSC colonies (Fig. 1 B1,2, C1,2). Chronological-
ly, these results were ﬁrst obtained on the DSS3 cell line. The wild type
hiPSC and the hESC cell lines were added to exclude the potential effects
of trisomy and reprogramming, respectively. Of note, it was shown
recently that OTX2 predisposes the mESC to differentiation (Acampora
et al., 2013). Our observation differs from that previously reported
(Zhang et al., 2010), which we interpret to be due to our model system
permittingmonitoring of protein expression levels at the onset of rosette
formation directly in hESC or hiPSC colonies (Suppl. Figs. 1 A1,2, B1,2,
C1,2, D1,2). Remarkably, OTX2 becomes highly up-regulated when
rosettes are still at the 3–5 cell stage, coincident with a substantial
down-regulation of the pluripotency marker OCT4, as was also
406 S. Malchenko et al. / Gene 534 (2014) 400–407documented recently (Acampora et al., 2013) (Fig. 1 A1,2, B1). As the
rosettes become more “mature” (Suppl. Fig. 1 A3,4, B3,4, C3,4, D3,4),
the expression of Pax6 signiﬁcantly increases (Figs. 1D1, 2), along with
that of a number of other well knownmarkers of early neural differenti-
ation (Suppl. Fig. 2 C2,3, D2,3). However, expression of IRX2 – a marker
of themidbrain/hindbrain junction – is undetectable in the “mature” ro-
settes, suggesting retention of forebrain/midbrain identity (Suppl. Fig. 2
A1,2, B1,2).
Analysis of the mRNA and the protein levels of OTX2 and Pax6,
showed a positive correlation between the results of QRT-PCR and
western blot for OTX2 (Figs. 2A, C). Surprisingly, however, although
we could not detect Pax6 protein (at an exposure time comparable to
that required for detection of the OTX2 protein), the Pax6 mRNA level
was comparable to that of OTX2 (Figs. 2B, C). This could be the result
of a translational inhibition of Pax6, as has been previously documented
(Liang et al., 2011; Tuoc and Stoykova, 2008).
TheOTX2 gene is localized on human chromosome14 (q22.3), and it
has two known transcriptional variants. Variant 1 represents the longer
transcript, and encodes the 297 amino acid isoform (a). variant 2 differs
from variant 1 both in the 5′UTR, and in the coding regionwhere it lacks
an in-frame sequence encoding eight amino acids, thus resulting in a
289 amino acid isoform (b) (Suppl. Fig. 3A). To document the relation-
ship between these two variants of OTX2, we measured the expression
levels of each of them by QRT-PCR in the hESC and hiPSC lines (Suppl.
Fig. 3B). We found a similar expression of both variants in the hESC
and hiPSC cell lines. The two variants were equally recognized by the
primary antibody that we utilized for detection of the OTX2 protein,
as determined by transfection of 293 T cells with MSCV-OTX-2 (variant
1)-I-P2AmC and MSCV-OTX-2 (variant 2)-I-P2AmC. Interestingly, both
transcriptional variants yielded two bands of 36 kDa and 31 kDa that
could be detected by the OTX2 antibody (Suppl. Figs. 4A, B).
To demonstrate that OTX2-positive rosettes directly isolated from
the hESC or hiPSC colonies could be patterned to region-speciﬁc neural
progenitors, we generated rosette neural stem cell (RNSC) lines and
followed their differentiation into radial glia (RG). RG cells are thought
to be the progenitor cells for adult neural stem cells, neurons, basal pro-
genitors, astrocytes, oligodendrocytes, in addition to being responsible
for the majority of neurogenesis in the developing brain (Nat et al.,Fig. 4. The differentiation of GFP positive RNSC (SR2R) intomature pyramidal and serotonergic n
phase contrast anti-GFP DAB staining (A1, B1) (63×magniﬁcation); (15 weeks post-injection)
positive cell (C1) (100× magniﬁcation); co-staining of DAPI, NeuN and GFP (D1) (100× magn
neurons), white arrows indicate the GFP positive cells (A2) (63× magniﬁcation); co-staining
of DAPI and 5′HT (serotonin), white arrow indicates the GFP positive cell (C2) (63×magniﬁcat
the presence of dendritic spines (see also Suppl. Fig. 5), (D2) (63× magniﬁcation).2007). Of note, pediatric brain tumors – such as ependymomas – have
been shown to derive from RG cells, likely resulting from alterations
that occur during their normal process of proliferation and differentia-
tion (Gilbertson, 2006; Johnson et al., 2010; Taylor et al., 2005).
RGprocesses provide architectural support for themigration of newly
generated neurons by forming scaffolds that span the central nervous
system mantle region (Nat et al., 2007). Vimentin, brain-lipid-binding
protein (BLBP), and glial ﬁbrillary acidic protein (GFAP) are among the
markers that are temporarily expressed in RG as opposed to NEC cells
(Nat et al., 2007).
The RG markers were up-regulated in our RNSC lines (Figs. 3 A2, B2,
C2, and D2), while IRX2 expression was undetectable (data not shown).
Since RG cells divide predominantly asymmetrically, producing second-
ary progenitors and neurons that surround the radial cells (Nat
et al., 2007), we co-stained the cells with BLBP and Tubulin B3
(Tubb3) — the latter is considered to be a marker of immature mi-
grating neurons (Yang et al., 2005). Interestingly, at the earliest
stages of RG formation, Tubb3 positive cells are already intermixed
with BLBP positive cells, and the representation of this cell population
is increased with the progression of RNSC differentiation (Figs. 3 A4,
B4, and C4). Subsequently, the Tubb3 positive cells also become tyrosine
hydroxylase (TH) positive (Fig. 3 D4), indicating differentiation into
dopaminergic neurons, which occurs at the ﬁnal stages of RG differenti-
ation (Bonilla et al., 2008).
Moreover, in order to analyze the potential for the radial glial cells to
differentiate into neurons, cells were engrafted into hippocampal slice
cultures (Belmadani et al., 2006). Voltage clamp recording was used to
determine if the cells expressed voltage dependent sodium currents.
Although cells did not initially express these currents, following 10 days
in culture small inward currents that were completely blocked by tetro-
dotoxin were observed in some cells [Suppl. Fig. 10], suggesting that the
cells had started to differentiate into neurons.
In addition, we show that cells derived from these RNSC lines are
capable of differentiating into mature-appearing pyramidal and seroto-
nergic neuronsweeks after injection into themotor cortex of NOD-SCID
mice, forming dendritic trees with clearly visible dendritic spines
(Yoshihare et al., 2009) [Fig. 4, Suppl. Figs. 5, 9, 11]. Antibodies against
serotonin (5′HT), NeuN (Mullen et al., 1992) and CTIP2 (Tomassy et al.,eurons after being injected intomotor cortex of NOD-SCIDmice: (3 weeks post-injection)
co-staining of DAPI and NeuN (marker of mature neurons), white arrow indicates the GFP
iﬁcation); (15 weeks post-injection) co-staining of DAPI and CTIP2 (marker of pyramidal
of DAPI, CTIP2 and GFP (B2) (63× magniﬁcation); (15 weeks post-injection) co-staining
ion); co-staining of DAPI, 5′HT and GFP (see also Suppl. Figs. 6A, B), white arrow indicates
407S. Malchenko et al. / Gene 534 (2014) 400–4072010) were used to document such differentiation. It is noteworthy that
the differentiated cells actively migrated from the injection site, where
they might have established synaptic contacts with mouse neurons
[Suppl. Fig. 6], spreading the ﬁbers across the brain [Suppl. Fig. 7].
Interestingly, a fraction of the injected cells remained BLBP positive
up to 15 weeks post injection into mice brain [Suppl. Fig. 8].
As a future study, we are planning to compare our approach to derive
radial glia enriched neural stemcell lines following spontaneous neuronal
differentiation of hESC and hiPSC colonies with themethods utilizing EBs,
using the same cell lines, where qualitative and quantitative characteris-
tics of neuronal differentiation will be studied among other parameters.
In conclusion, we show that spontaneous neuronal differentiation of
hESC and hiPSC colonies can be exploited as an in vitro model to study
the very onset of neuronal differentiation. In addition, we describe the
methodology that we developed for derivation of RG enriched cell lines,
which might have manifold applications in future neuroscience studies,
but most immediately they might be exploited for development of
mouse models of pediatric brain tumors.
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